Introduction {#Sec1}
============

Energy harvesting is an area of tremendous attention because of the huge worldwide energy demands motivating considerable research on self-powered and autonomous systems^[@CR1]^. In the last decade, nanogenerators have been introduced as sustainable self-sufficient power sources, converting energy from the environment into electrical energy^[@CR2]^. They can be categorized to piezoelectric^[@CR3]^, triboelectric^[@CR4]^, and pyroelectric^[@CR5]^ nanogenerators. Triboelectric nanogenerator (TENG) works on the basis of accumulation of electrostatic charges produced on the surface of two dissimilar materials while they are brought into a physical contact^[@CR4]^. When the surfaces are separated by a mechanical force, the induced triboelectric charges generate a potential drop, leading to produce electric current^[@CR6]^. Since their invention in 2012^[@CR7]^, TENGs have shown a rapid development in diversity of structures, amount of output power, and range of application, such as self-powered sensors^[@CR8],[@CR9]^, biomedical monitoring^[@CR10]^, and electronic skin^[@CR11]^.

Among the various energy-related materials, graphene-based materials have been studied extensively in the field of energy harvesting in recent years^[@CR12]^. It has been demonstrated that the reactive oxygen functional groups of graphene oxide (GO), beside its high specific surface, makes it a good candidate as an energy-related material^[@CR13]^. Moreover, high intrinsic mechanical strength of GO provides the ability of producing a flexible and stable thin layer, which let the induced charges achieve to the back contact in TENGs. Tian and his co-workers reported a flexible electrostatic nanogenerator based on GO film, with a multilayer structure of Al/PI/GO/PI/ITO with the output power of 60 nW^[@CR14]^. The fabricated GO-TENG was able to generate a peak voltage of 2 V and a current of 30 nA upon the applying of a 15 N force at a rate of 1 Hz. Very recently, Wang's group proposed a GO single-electrode-based TENG with maximum power of 5 mW (power density = 3.13 W/m^2^) at 3 Hz^[@CR15]^. The short circuit current (I~sc~) of 55 μA and the open-circuit voltage (V~oc~) of 1100 V were obtained with latex-gloved hand patting. Moreover, the dynamic force sensing and the sterilizing performance of the aforementioned TENG were investigated. There are also several researches on designing novel TENGs containing GO which demonstrate weaker results and utilize more sophisticated fabrication processes^[@CR16],[@CR17]^.

Beside energy harvesting field, detecting humidity is from promising applications of GO because of the strong interactions between water molecules and oxygen functional groups on the surface^[@CR18]^. Humidity sensing plays a key role in domestic control, medical care, agricultural moisture monitoring, and industrial applications^[@CR19]^. GO-based humidity sensors have been widely under attention due to notable properties such as simple, low-cost, and large-scale preparation of GO material along with high proton-conductivity in exposure to water molecules^[@CR20]^. GO humidity sensors operate on the basis of detecting the variation of impedance or capacitance due to the inclination of the water molecules to adsorb on the surface of GO^[@CR21]--[@CR26]^. Both types possess the ability of fast response humidity sensing with high sensitivity in a wide range of relative humidity (RH). Impedance sensors detect a relatively low humidity over a wide frequency range, but generally require professional high-performance impedance spectroscopy. On the other hand, the capacitive sensors detect the humidity by measuring the capacitance change which consists of the interdigitated conductive electrodes and GO-based sensing materials as the dielectric connected to the LCR meter. For practical usage of a humidity sensor, not only the sensing performance such as fast response and high sensitivity, but also low cost, easy fabrication, facile integration, and good flexibility are significant factors, which are generally depends on the sensing materials and fabrication methods^[@CR20]^. In spite of various investigations demonstrated the effect of utilization of polymers^[@CR27],[@CR28]^, metal oxides^[@CR29]--[@CR31]^ and 2D materials^[@CR32],[@CR33]^ alongside GO, with the purpose of enhancement of humidity sensing, the fabrication method has become relatively more sophisticated. Moreover, the recent development of the Internet of Things (IoT) provides a progressive research field on integrating numerous sensors, which demands a new approach to the power supply issue^[@CR19]^.

In order to eliminate the drawbacks of utilizing the batteries as power sources in sensors (specifically cost and environment issues), considerable investigations have been launched into the fabrication of self-powered sensors^[@CR2]^. In spite of the fact that TENGs are considered as a promising option for self-powered sensors^[@CR2]^, limited numbers of self-powered humidity sensors based on TENGs have been reported^[@CR34]--[@CR36]^. In the reported TENG-based humidity sensors, the TENG is generally used as an external power source connected to a humidity-sensitive electrode, analogous to a resistive sensor. In spite of being battery-free, there are some limitations in utilizing these sensors, such as low sensitivity and confined range of RH^[@CR37]--[@CR39]^. Moreover, the only value which demonstrates the amount of RH is the output voltage and no current variation was observed^[@CR35]^. Beside the sensing properties, flexibility is a key factor for utilizing a sensor in wearable electronics, which was not considered in many previous studies of TENG-based humidity sensors. Therefore, the direct implementation of a humidity sensitive flexible material as one of the TENG electrodes may offer a self-powered humidity sensor with a less complicated structure as well as higher sensitivity and wider range of detection.

In this research, a sustainable GO-based TENG has been introduced, which shows superior power density and high sensitivity of humidity sensing, in comparison with the previous studies. Using the modified Hummer's method, as well as drop casting technique for the synthesis of GO sheets and construction of the electrode, the whole procedure of production is extremely straightforward. Besides, utilizing GO paper and Kapton film as the electrodes, makes the GO TENG an appropriate candidate for wearable electronics, due to its flexibility and low weight. Applying the as-fabricated GO TENG as a self-powered humidity sensor is reported for the first time in this paper. Here, the GO electrode directly senses the amount of relative humidity, while corporates in signal generation as well. The results demonstrate considerable variation in the amount of both voltage and current at different values of RH. Investigations of humidity sensing were performed on large and small sizes of the electrodes, which present the fabricated TENG as an applicable option for portable devices, as well as industrial implementations. Therefore, our suggested GO TENG provides flexibility and high sensitivity of dual sensing in a wide range of RH and can be conveniently applied as a routine battery-free humidity sensor in desired places.

Results and Discussion {#Sec2}
======================

The SEM and TEM images of the produced GO suspension (Fig. [1a,b](#Fig1){ref-type="fig"}), obviously show the ripples and wrinkles (see the red arrow) of graphene sheets. The intense (002) peak in the XRD pattern of the GO nanosheets compared to the primary graphite powder indicates the effective exfoliation of carbon sheets (Fig. [1c](#Fig1){ref-type="fig"}). These results are consistent with the corresponding UV-Vis absorption spectrum of GO sheets (Fig. [1d](#Fig1){ref-type="fig"}). The peak at 230 nm is related to π-π\* transitions of the aromatic C--C bond and the shoulder around 300 nm corresponds to n-π\* transition of the C=O bond transition.Figure 1Characterization of GO suspension. (**a**) TEM and (**b**) SEM images of the prepared GO nanosheets. (**c**) XRD pattern of GO nanosheets compared to primary graphite powder. (**d**) UV-Vis absorption spectrum of GO sheets.

The digital photograph of free-standing graphene oxide paper fabricated by drop casting of graphene oxide solution is shown in Fig. [2a](#Fig2){ref-type="fig"}. Since the GO paper is absolutely free-standing and almost flexible (Fig. [2b](#Fig2){ref-type="fig"}), it is appropriate for a great number of applications, such as wearable nanogenerators^[@CR40]^ as well as various kinds of sensors. The thickness of the layer is obtained to be around 32 µm (Fig. [2c](#Fig2){ref-type="fig"}), while its surface area is 50 cm^2^ approximately (Fig. [2a](#Fig2){ref-type="fig"}). Figure [2d](#Fig2){ref-type="fig"} demonstrates the SEM image of the stacked GO sheets simply formed the GO paper after drying in the air. In the X-Ray diffraction pattern obtained from the prepared GO paper, a sharp peak was observed at 12.3° which confirms that the layer consists of exfoliated GO sheets (Fig. [2e](#Fig2){ref-type="fig"}) and no stacking was occurred. Moreover, the Raman spectrum consists of characteristic D and G-band of GO sheets appeared at 1351 and 1593 cm^−1^, respectively (Fig. [2f](#Fig2){ref-type="fig"}). These observations together confirmed the formation of a free-standing GO paper composed of individual sheets.Figure 2Characterization of the prepared free-standing GO paper. (**a**,**b**) Digital photograph of the GO paper. (**c**) Cross section SEM image. (**d**) SEM image with higher resolution. (**e**) XRD pattern. (**f**) Raman spectrum.

Figure [3a](#Fig3){ref-type="fig"} demonstrates the AC voltage produced by GO TENG under various quantity of tapping frequency in vertical contact-separation mode. In the open-circuit condition, the measured voltage at 1 Hz shows an average value of 282 V (Fig. [3b](#Fig3){ref-type="fig"}) which is reached to maximum value of 870 volt at 4 Hz. The alteration of the maximum peak value at higher rates intensified, which may occur due to the higher accumulation of surface charges, as well as less time for charge transfer. The stability of the generated voltage has been confirmed in Fig. [3c](#Fig3){ref-type="fig"} for over 600 cycles of tapping.Figure 3Output signals of the fabricated GO TENG. (**a**) Open-circuit voltage under frequencies from 1 to 4 Hz. (**b**) Magnified voltage peak at frequency of 1 Hz. (**c**) Stability of the output voltage at 3 Hz. (**d**) Short-circuit current under frequencies from 1 to 4 Hz. (**e**) Individual current peak at 4 Hz.

The short-circuit current demonstrates more outstanding results in Fig. [3d](#Fig3){ref-type="fig"}. The value of the current at 1 Hz is 20 µA, reaching a maximum value of 90 µA at 4 Hz, which can be easily amplified up to 1.7 mA using a transformer (Fig. S1). As mentioned for voltage output, the variation of maximum current peak is intensified at higher frequencies, however, the time behavior of individual peak maintains its primary form (Fig. [3e](#Fig3){ref-type="fig"}). In order to utilize the produced electrical current as a power source in a self-powered device, it should be rectified by a full wave rectifier through diode bridge (Fig. S2).

Generally, the effective power of a TENG is dependent on the match with the loading resistance^[@CR15]^. In order to calculate the maximum power, and subsequently power density, the quantities of voltage and current were measured for different amount of resistance (Fig. [4a](#Fig4){ref-type="fig"}). By increasing the resistance, the average of current peaks drops down to near zero, while the voltage peaks elevate up to the open-circuit value. The maximum power at resistance of 5 MΩ was 8.49 ± 0.67 mW (Fig. S3), which corresponds to the power density of \~1.3 W/m^2^ at 2 Hz. Such a superior performance provides an extensive range of applications for the fabricated GO TENG. Moreover, the TENG is able to charge a 224 nF and a 1 µF capacitor in less than 1 and 7 seconds, respectively (Fig. [4b](#Fig4){ref-type="fig"}). Under tapping at 3 Hz, our TENG can light up 44 light-emitting diodes (LEDs), as shown in Fig. [4c](#Fig4){ref-type="fig"} and movie [1](#MOESM1){ref-type="media"} (see the Supporting Information).Figure 4Characterization of the GO TENG. (**a**) Dependence of the voltage and current peak on the external loading resistance. (**b**) Charging of capacitors with three different values of capacitance. (**c**) Lightening of 44 diodes by assistance of the GO TENG.

Since humidity sensing is a conventional application of GO, we investigated the impact of variation of ambient humidity on the generated voltage and current. Primary humidity sensing tests were performed on the aforementioned GO TENG at the frequency of 2 Hz. By increasing the RH, the voltage generated by the TENG reduced gradually (Fig. [5a](#Fig5){ref-type="fig"}). It can be expressed that elevating the percentage of relative humidity (%RH) leads to increase the amount of adsorbed water molecules on the surface of GO, which results in diminishing the superficial induced charges via tapping. The variation of output current can be observed in Fig. S4.Figure 5Electrical outputs under different values of RH. (**a**) Variation of the open-circuit voltage for large electrode. (**b**) Variation of the generated voltage and (**c**) current for small electrode. (**d**) The peaks of pressing and releasing in a single tapping. (**e**) The amount of transferred charge versus RH during releasing for the medium current peak.

Decreasing the size of the electrode from 8 × 8 cm^2^ to 2 × 2 cm^2^ led to a more considerable reduction in both voltage and current output, which is depicted in Fig. [5b,c](#Fig5){ref-type="fig"}. By increasing the relative humidity from 20% up to 99%, the open-circuit voltage decreased from 144 V to 14 V and the short-circuit current reduced from 23 µA to 3.7 µA. Enhancement of the sensing results is due to the surface area of the applied electrode: during the tapping process, the molecules which interact physically with the surface may desorb and be driven out of the space between the two electrodes. In order to sense the value of RH more accurately, the molecules should move between the electrodes during the tapping and physisorb to the surface of the electrode. At larger sizes, this movement is restricted to the edges and hardly reaches to the center of the electrode. At smaller sizes, diffusion of molecules through the space between the electrodes is more facile, which leads to higher adsorption on the surface and more efficient reduction of the surface charge.

According to the equation of I.dt = dQ, the amount of surface charge can be obtained via integrating the current peak over time. Figure [5d](#Fig5){ref-type="fig"} demonstrates the whole process of press-release for a single tapping. The surfaces under the peaks of pressing and releasing refer to the charges transferred between two electrodes^[@CR41]^. By increasing the humidity, the amount of transferred charge should decrease. According to the Fig. [5e](#Fig5){ref-type="fig"}, by increasing the RH, the transferred charge corresponding to the medium releasing peak gradually diminishes from 71 nC to 10 nC. It should be mentioned that two different paces of reduction can be observed before and after RH = 85%.

Figure [6a,b](#Fig6){ref-type="fig"} depict a similar two-step behavior in decrease of voltage and current around RH = 85%. In order to investigate the obtained data thoroughly, the response diagrams should be plotted. Herein, the response value for voltage (and also similarly for current) is defined as: (V~0~-V)/V, while V~0~ and V correspond to the voltage value at RH = 20% and the desired RH, respectively. Both of the response diagrams (Fig. [6c,d](#Fig6){ref-type="fig"}) show an elevating slope by increasing the RH. The response value of generated voltage reached to 930%, while the maximum value for current response is about 700% at RH = 99%. Here, the slope generally refers to the sensitivity of the sensor. The two- step behavior of the sensor (linear increase before RH = 85% and then exponential rise after RH = 85%) reveal the corresponding mechanism of humidity sensing, which is displayed in Fig. [7](#Fig7){ref-type="fig"}.Figure 6Sensing diagrams. Variation of the open-circuit voltage (**a**) and the short-circuit current (**b**) versus RH. The response voltage (**c**) and current (**d**) diagrams for different amounts of RH.Figure 7Sensing mechanism. (**a**) Schematic of the fabricated GO TENG. Inset: SEM image of the surface of GO paper. (**b**) Electrical current generation between electrodes. (**c**) Reducing the current in the presence of medium humidity. Inset: adsorbed water molecules through double hydrogen bonding. (**d**) Minimizing the current amount under high humidity and formation of a continuous water layer. Inset: adsorbed water molecules through single hydrogen bonding.

In general, the response of the GO TENG sensor to ambient humidity relates to the physical adsorption of water molecules on the surface of GO layer (Fig. [7a](#Fig7){ref-type="fig"}). In order to interpret the relation between the output current and RH, the following adsorption process of water molecules on GO surface can be suggested (Fig. [7b-d](#Fig7){ref-type="fig"}).

At low RH, water molecules are primarily physisorbed and condensed onto the available active sites (including hydrophilic groups and vacancies) of the GO surface through double hydrogen bonding^[@CR42]^. In such circumstances, the water molecules form an obstacle to electrostatically induced charges between the induced negative charges on the Kapton and the induced positive charges on the GO film via reducing the contact surface, resulting in the formation of a depletion region. Therefore, this phenomenon causes a decrease in the output current of the GO TENG at low RH regime (Fig. [7c](#Fig7){ref-type="fig"}).

As the RH increases, water molecules are adsorbed physically on the hydroxyl groups of the first physisorbed layer through single hydrogen bonding (Fig. [7d](#Fig7){ref-type="fig"}). Simultaneously, the permeation of water molecules into the internal layers of GO may occur. Thereafter, the water molecules become identical to those in the bulk liquid and forming a continuous layer^[@CR21]^. In that case, a continuous water layer creates a uniform barrier layer for induction of positive charges on the GO surface, which results in the formation of a continuous depletion region and would lead to a more rapid decrease of current at higher RH. Calculated amount of the induced charge on the surface under various RH (Fig. [5d](#Fig5){ref-type="fig"}) confirms the above mechanism.

In order to investigate the performance of the fabricated GO TENG as a self-powered humidity sensor, the sensing tests were repeated under uniformly finger tapping. In this case, the Kapton electrode was connected to (Fig. [8a](#Fig8){ref-type="fig"}) or wrapped around (Fig. [8b](#Fig8){ref-type="fig"}) the finger and tapped on the GO electrode, as shown in movie [2](#MOESM1){ref-type="media"} (see the Supporting Information). Figure [8c,d](#Fig8){ref-type="fig"} demonstrate the output voltage and current, respectively. As it is observed, the generated voltage and current peaks are not as uniform as before, especially for current diagrams. Figure [8e,f](#Fig8){ref-type="fig"} show that the behavior under finger tapping condition is generally similar to the aforementioned results of Fig. [6c,d](#Fig6){ref-type="fig"}. In spite of the large quantity of standard deviation for current response, it is obvious that the total amount of generated current during 15 seconds decreased by elevating the RH, according to the Fig. [8d](#Fig8){ref-type="fig"}. In other words, measuring the produced power by the GO TENG via finger tapping, would be a high reliable method to indicate the amount of ambient humidity. As an evidence, the electrical power generated at various amounts of RH leads to lighten different numbers of LED, as shown in Fig. [8g](#Fig8){ref-type="fig"}. Table [1](#Tab1){ref-type="table"} summarizes the performance of the flexible self-powered GO TENG humidity sensor in comparison with the other humidity sensors based on GO (not self-powered) or TENGs (not utilizing GO as sensing material).Figure 8Humidity sensing under finger tapping. (**a**) Top electrode connected to a finger. (**b**) Top electrode wrapped around a finger. Variation of the open-circuit voltage (**c**) and the short-circuit current (**d**) at various amounts of RH. The response value of the output voltage (**e**) and current (**f**) versus RH. (g) The number of LEDs which can be lightened by GO TENG at different values of RH.Table 1Comparison of the sensing performance of the self-powered GO TENG humidity sensor with other humidity sensors based on GO or TENG.TypeSensing materialFlexible/RigidResponse timeHumidity rangeLong-term stabilityRef.CapacitiveGORigid10.5 s15--95%30 days^[@CR21]^ImpedanceGOFlexible30 ms10--90%72 h^[@CR22]^ResistiveGOFlexible100 s35--80%---^[@CR23]^CapacitiveGORigid\<0.1 s12--97%---^[@CR25]^TENGPTFERigid---20--100%---^[@CR34]^TENGRGO/PVPRigid2.8 s23--97%\>1 month^[@CR35]^TENGPFSA\*Flexible30 s25--95%---^[@CR36]^TENGGQDRigid---30--70%---^[@CR43]^TENGGO paperFlexible\~5 s20--99%\>8 monthsThis work\*Perfluorosulfonic acid ionomer.

In summary, a sustainable GO-based TENG which shows superior power density (1.3 W/m^2^) has been fabricated, through a straightforward method. The outstanding I~sc~ and V~oc~ with the values of 90 µA and 870 V, respectively, at a frequency of 4 Hz are obtained. Applying the fabricated TENG as a self-powered humidity sensor demonstrates promising results. Increasing the relative humidity of the environment, gradually reduced the generated voltage from 144 V at RH = 20% to about 14 V at RH = 99%, while short-circuit current reduced from 23 to 3.7 µA. Performing sensing tests under finger tapping presents a lightweight self-powered humidity sensor. This first-suggested wide-range GO TENG humidity sensor with a high sensitivity of 500% (V/V-%RH) can be utilized in portable electronics, as well as industrial applications.

Methods {#Sec3}
=======

Chemicals and reagents {#Sec4}
----------------------

Graphite powder with particle size \<45 μm was purchased from Sigma Aldrich. All other reagents including potassium permanganate (KMnO~4~), sulfuric acid (H~2~SO~4~), H~2~O~2~ (30 wt%), sodium nitrate (NaNO~3~) and hydrochloric acid (HCl) were bought from Chem Lab Co., Belgium. All chemicals were of analytical grade and used as received without further purification. The aqueous solutions were prepared using deionized water (DI, 18.2 MΩ, Millipore).

Synthesis of graphene oxide {#Sec5}
---------------------------

Graphene oxide was synthesized from natural graphite powder via a modified Hummers method as previously reported in the literature^[@CR44],[@CR45]^. Briefly, 2 g of graphite powder was added to H~2~SO~4~ (12 mL, 98%) and then stirred for 1 h at 80 °C. Subsequently, 80 mL of H~2~SO~4~ was added to the mixture and the beaker was placed in an ice-bath followed by the addition of NaNO~3~ (2 g) while stirring for 10 min. Afterwards, 8 g of KMnO~4~ (4 wt %) was slowly added to the solution under vigorous stirring for additional 15 min. The green paste was then transferred to an oil bath (38--40 °C) followed by 90 min stirring. The resulted brownish solution was diluted with 160 mL of deionized (DI) water and heated at 95 °C for 30 min. Finally, the oxidation process was stopped by the addition of 400 mL DI water and H~2~O~2~ (16 mL, 30%). The orange-golden suspension was filtered and washed with diluted HCl and then DI water until the neutral pH (\~5--6) was achieved. The filtered brown dough was redispersed in a certain amount of DI water and cleansed by centrifugation at 2500 rpm for 15 min and then 4000 rpm for 30 min to remove any un-exfoliated and tiny graphite sheets, respectively. Finally, GO nanosheets were prepared by sonication of the filtered graphite oxide suspension using an ultrasonic bath for 30 minutes.

GO paper preparation {#Sec6}
--------------------

Large scale GO papers were prepared via a facile method. For this purpose, a plastic mold with desired dimensions was made. 20 mL of concentrated GO suspension (\~7 mg/mL) was then poured into the mold and let it dry under ambient condition without any disturbance. Using this straightforward approach, one can prepare large scale GO papers with demanded sizes and control the thickness by adjusting the concentration as well as the volume of the GO suspension.

Fabrication of GO TENG {#Sec7}
----------------------

Aluminum tape was used as the back-contact for GO paper as well as for the Kapton film to construct lower and upper electrodes, respectively. Two electrodes can be connected to the gauges of a tapping device (Fig. S5), by which can regulate the frequency and the force of tapping, as well as the spacing between two electrodes. The tests were performed under the vertical force of 8.3 N at frequencies from 1 up to 4 Hz. Electrodes had rectangular shape with the size of 8 × 8 cm^2^ and spacing of 2 cm between two electrodes. For humidity sensing, the size of electrodes reduced to 2 × 2 cm^2^ in order to enhance the accuracy of the GO TENG sensor.

Humidity sensing tests {#Sec8}
----------------------

The ambient humidity was regulated by a typical humidifier. To report the amount of relative humidity (RH), a hygrometer was situated quite close to the surface of GO electrode. Humidity sensing tests were performed on the GO electrodes with the size of 8 × 8 cm^2^ and 2 × 2 cm^2^. The vertical tapping was applied using two approaches, utilizing a tapping device at the frequency of 2 Hz and the force of 8.3 N and also tapping by a human finger.

Instruments and characterizations {#Sec9}
---------------------------------

TEM images were obtained with a Zeiss (EM10C-80KV) instrument. The morphology of the prepared GO nanosheets and also GO paper was studied by a field emission scanning electron microscope (MIRA3, Tescan). UV--Vis spectroscopy was performed on a Lambda25 (Perkin-Elmer, USA) spectrophotometer using a 1.0 cm quartz cell. The X-ray diffraction (XRD) pattern was recorded using a STOE (STADI P) instrument operating with Cu--Kα radiation (λ = 1.54178 A°) at 40 kV/30 mA. An Ivium Compactstat and an oscilloscope (DSO1022A) were used for current and voltage recording, respectively.
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